This paper describes permeability measurements for porous fabrics as influenced by strain, humidity, air flow rate, and fabric elasticity. The focus is on standard parachute fabrics, where the fabric's porosity and air permeability influence the rate of steady-state descent, and also affect the complicated fluid-structure interactions taking place during parachute opening and deployment. High strength nylon parachute fabrics showed relatively small permeability changes due to strain, humidity, and flow rate. Comparative measurements on elastomeric fabrics showed much larger changes in air flow due to fabric dimensional changes at high pressures and flow rates. Elastomeric fabrics that stretch and change permeability in response to higher pressures and flow rates may be able to reduce the "opening shock" during the parachute deployment phase.
INTRODUCTION
Air flow across porous and permeable materials can interact with the fabric structure. For parachutes, fabric permeability plays an important role in both steady descent (affecting rate of descent and stability) and in the inflation phase, affecting inflation time and opening shock. It is during the inflation phase that fabric permeability is least understood. Static measurements of permeability are made under steady state flow conditions, whereas during inflation, dynamic permeability, as it occurs in situ, is of interest. An additional complicating factor is the high fabric stresses and associated deformations occurring during inflation; applied loads have been shown to significantly affect permeability (100 -500 %) under limited static test conditions [1] .
The porosity of parachute fabrics is an important parameter which affects the performance of the parachute canopy by influencing the inflation process of the canopy as well as the overall descent rate and stability of the parachute system. The concept of porosity is a term in parachute technology that is slightly different than conventional engineering use. Porosity is used to characterize the air flow characteristics of a parachute cloth. For the cloth itself, "porosity," is defined as the airflow rate through the cloth at 0.5 inches of water pressure, as measured in a standard test method [2] . Parachutes commonly have slotted openings in the structure. This is also called "porosity," and is characterized as the ratio of all open areas to the total canopy area [3] . High air flow and dynamic pressure can deform and stretch the fabric layer, or even cause failure [4] . Figure 1 shows an example of a standard nylon parachute fabric during air flow testing at two pressure levels, and the associated fabric deformation due to high air flow through spaces between woven yarns. Testing under higher flow rates and pressure loads provides information on steady state properties of parachute fabrics that may particularly influence canopy behavior during the inflation phase. For example, it may be desirable to increase fabric permeability during the canopy opening shock phase to decrease structural loads. Instrumented flow rate testing at high pressures, coupled with photographic examination of fiber/yarn behavior provides new insights into fabric behavior under these conditions. Fabrics that absorb water vapor from the atmosphere undergo fiber swelling, which tends to close off the
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http://www.jeffjournal.org SPECIAL ISSUE -July 2012 -FIBERS pores in the fabric and increase the resistance to air flow through the material. Many studies of structural factors influencing the air permeability of fabrics assume that gas or liquid flow takes place in the interstices between yarns. This approach works well for fabrics that have an open construction, where there are large open areas between yarns. For these open fabrics, the diameter and spacing of the yarns are the important structural factors, since almost all flow takes place through the interyarn pores. In more tightly woven fabrics, there is no interyarn space, and fluid flow takes place within the structure of the yarn itself. In this case, the diameter and physical arrangement of the fibers within the yarn are the most important factors influencing the fluid flow resistance across the textile layer ( Figure 2) . Of special interest is the peculiar tendency of nylon fabrics to show decreased flow resistance (increased permeability) at high humidity, which is counter to the behavior of other fabrics ( Figure 3 ). This behavior is attributed to the tendency of nylon fibers to swell axially rather than radially as most other textile fibers do, thereby causing fabric pores to open up rather than close down. Previous measurements on fifteen nylon fabrics [5] revealed that this is a consistent property of nylon fabrics and is common to many types of fabric weaves and thicknesses. Parachute fabrics (usually constructed of woven nylon fabric) were not specifically addressed in this previous study. New measurements address the magnitude of the permeability changes associated with water absorption for standard nylon parachute fabrics, in the context of flow rates and pressures associated with parachute opening and descent.
Since parachute fabric in use is under an applied load, the strained configuration of the fabric is most appropriate to use when measuring flow through the fabric.
The coupling between the pressure distribution over the surface of the parachute canopy and the change in pore dimensions due to the applied load is anticipated to be of equal (or greater magnitude) than the dimensional changes associated with humidity-dependent fiber and yarn swelling. A particular focus of this study is highly elastomeric fabrics (as opposed to standard nylon parachute fabrics) and the measurement of fabric permeability under conditions of defined stress and/or strain, and how these measurements compare to those made under standard non-strained conditions. http://www.jeffjournal.org SPECIAL ISSUE -July 2012 -FIBERS 
MATERIALS
Standard parachute fabrics were selected for testing, along with two elastomeric porous materials, and a reference nonwoven glass fiber filter material. The parachute fabrics in Table I are specified according to Parachute Industry Association (PIA) standards. The elastomeric fabrics given in Table I are 88% polyester / 12% spandex knit elastomeric fabric, and an electrospun elastomeric polyurethane nonwoven fabric. 
Parachute Fabrics
Relative Permeability PIA-C-7020, Type III (high air permeability) PIA-C-7020, Type I (high air permeability) PIA-C-7350, Type I (high air permeability) PIA-C-44378, Type IV (low air permeability)
Other Materials Elastomeric Nonwoven (low air permeability) Elastic Knit Fabric (high air permeability) Glass Fiber Filter (nonhygroscopic standard) METHOD A schematic of the air permeability test method is shown in Figure 5 . It is designed to be compatible with the ASTM Standard Methods for Gas Flow Resistance of Filtration Media (F778-07).
An alternate method for textiles, ASTM Standard Test method for Air Permeability of Textile Fabrics (D737-04), is commonly used for parachute fabrics, but is more useful for quality-control testing due to the prescribed standard pressure differential of 124.5 Pa (0.5 inches of water). ASTM D737 is also more difficult to adapt to automated testing under a variety of different flow rates and relative humidity conditions. There are many definitions of permeability and air flow resistance. Usually, the permeability is defined from Darcy's law [6] : For textiles, although thickness measurements seem simple, they are often problematic, and can be a large source of error if they are incorporated into reported measurements of Darcy permeability.
It is preferable to present the pressure-drop/flow rate results in terms of an apparent flow resistance defined as:
R D = apparent Darcy flow resistance (m -1 ).
In this paper, results are given in terms of the air flow resistance R D (m -1 ), rather than permeability
. 
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RESULTS
Three effects were examined: humidity, strain, and flow rate.
Humidity
Humidity-dependent air permeability is most evident in fabrics constructed of hygroscopic fibers such as cotton or wool [5] . Fabric flow resistance can double as a consequence of the water uptake by a cotton fabric, as illustrated in Figure 6 . Figure 6a shows that the flow resistance is directly related to the amount of water taken up by the textile (Figure 6b ). Both plots show that there is significant hysteresis in the curves over a complete sorption and desorption cycle, which begins at low humidity, goes to high humidity, and returns to low humidity. Comparable humidity-dependent air flow measurements for the four standard parachute fabrics are shown in Figure 7 . In this case, the changes in permeability are normalized by the flow resistance measured at 0% relative humidity (R 0 ) to allow easier comparison between materials. The glass fiber filter material showed no humiditydependent permeability, as expected, due to its nonhygroscopic nature. The four parachute fabrics show varying degrees of sensitivity to humidity. The least permeable fabric, PIA-C-44378, Type III, showed the largest humidity effects. This is due to the more tightly-woven construction and smaller pore area of the fabric. Any dimensional changes caused by water vapor uptake of the fabric result in a larger percent difference in pore flow area, and have a corresponding influence upon the air flow measurements.
The four parachute fabrics showed similar behavior to other nylon fabrics that have been tested previously. Many nylon fabrics decrease air flow resistance at higher humidities [5] . Two of the parachute fabrics showed a decrease in flow resistance at higher humidities, while the two other fabrics were essentially unchanged. In all cases, the humidity did not have a very large effect on air flow through the fabric, with the percentage change in flow resistance being less than 10%. As will be seen later, other factors besides humidity had a more significant effect on the measured air flow resistance of these four nylon parachute fabrics.
Nonuniform Strain
Parachute fabrics are under highly nonuniform strain during the deployment and opening phase, and also in certain regions of the canopy during the steady-state descent phase. Nonuniform strain is developed in the fabric due to differential stress caused by shear developing along the seams, at the suspension and control line attachment points, and near sewn openings such as flaps and slots. Stress and strain cause the fabric to deform, twist, and stretch. This alters the fabric pore geometry and cross-sectional http://www.jeffjournal.org SPECIAL ISSUE -July 2012 -FIBERS area, which can affect the air flow through the pores of the fabric.
Each of the four standard parachute fabrics was tested in the strained and unstrained condition. Strain refers to bias deformation, where the stress is not aligned with the woven yarn axes.
Testing in the strained and unstrained condition was conducted simultaneously with varying humidity levels between 0 and 1 (100% r.h.). Figure 8 shows results for the single fabric PIA-C-7020, one of the more permeable fabrics in the set of four standard parachute materials. The strained test configuration shows a consistently higher air flow resistance over all humidity levels as compared to the unstrained fabric. This is presumably due to the deformation of the pore area between yarns. Deformation changed the pore from its optimal rectangular configuration for flow (a rectangle) to a trapezoid, which has a lower equivalent diameter [7] , and therefore a higher flow resistance. The other parachute fabrics are not shown here; the effects of strain deformation were even lower for the other fabrics tested, and in all cases the variation in air flow resistance due to relative humidity was larger than any effects due to bias fabric deformation.
Air Flow Rate
Standard parachute fabric air permeability testing is carried out at a pressure difference of 0.5 inches of water (about 150 Pa). Parachutes are used in situations that can produce higher air flow rates and air pressure differentials across the fabric, particularly during the opening phase. A stagnation pressure of 0.5 inches of water corresponds to a steady-state descent speed of about 2800 feet/minute (14 m/s or 30 mph).
The peak pressure developed during parachute deployment depends on initial air speed. Personnel parachutes that descend at rates in the range of 5 m/s develop a dynamic differential pressure of 50 Pa across the fabric. Transient peak pressures for parachutes deployed under these conditions are in the neighborhood of 5 times steady-state dynamic pressure [8] , or 300 Pa. Special-purpose cargo or payload decelerator parachutes may be deployed at much higher air speeds that can develop dynamic pressures well above 1000 Pa [3] .
Testing at higher flow rates and pressures than standard conditions was carried out to determine how much fabric permeability changed at nonstandard conditions. Differential pressures ranged from about 4x10 4 Pa for the less permeable fabrics, to about 2.5x10 3 Pa for the most permeable fabric. Thus the differential pressures were all at least 10 times higher than the standard conditions of 150 Pa.
We were particular interested in the response of elastomeric fabrics that deform, stretch, and expand under high pressures (two examples shown in Figure  9 ). Elastomeric fabrics could act as an adaptive structure to relieve excess pressure and stress during the parachute deployment and inflation phase, when opening shock produces high stress in parachute seams, attachments points, and the fabric itself. Elastomeric fabrics will recover their original shape and air flow properties once excess pressure/stress decreases during the parachute descent phase. FIGURE 9 . Typical expansion of two elastomeric fabrics under high air flow conditions. Air jet flow (jet diameter smaller than sample area) was used to illustrate fabric elasticity for the photograph. Actual measurements were not performed with jet flow conditions. http://www.jeffjournal.org SPECIAL ISSUE -July 2012 -FIBERS The response of the four standard parachute fabrics and the two elastomeric porous fabrics to nonstandard air flow rates and pressures are shown in Figures 10-13 . The volumetric flow rate through the fabric as a function of differential pressure drop is plotted for each fabric. The three parachute fabrics with comparable air permeability values are shown in Figure 10 , while the least permeable parachute fabric is shown by itself in Figure 11 . The two elastomeric fabrics are shown in Figures 12 and 13. The shape of each curve is the most important feature of these plots. The elastomeric materials in Figures  12 and 13 shows a "concave-up" shape, where the fabric appears to become more permeable at higher differential pressures, which is presumably related to the fabric stretching in response to the higher stress. The standard nylon parachute fabrics (Figures 10 and  11) do not show any evidence of expansion at higher pressures. The elastomeric fabrics deform to increase the flow rate in response to the applied load. The fabric structure deforms elastically as the pressure increases. This causes both an increase in total flow area, and an increase in the flow area of each individual pore in the fabric. Figure 12 showed the largest change in increased flow as a function of pressure. Figure 14 shows how the relative fiber size and inter-fiber spaces change as a function of statically-applied biaxial strain. In this case, the fabric was strained in two directions to the indicated strain levels (50% and 100% strain), and the fabric was imaged with and electron microscope. The high strains associated with fabric deformation reduced fiber diameter, and also greatly increased the total pore area available for air flow through the fabric. http://www.jeffjournal.org SPECIAL ISSUE -July 2012 -FIBERS The magnitude of change in air flow resistance property as a function of pressure differential is shown in Figures 15-18 . The calculated air flow resistances for the four standard parachute fabrics do show some changes in resistance at the higher pressures. This change in apparent resistance is usually ascribed to the increased inertial losses present in high air flow through a fabric layer, which causes deviation from the linear laminar flow regime [9] . However, the corresponding results for the two elastomeric fabrics show very different results. The elastomeric fabrics show a large and significant decrease in flow resistance at higher pressures ( Figure 17 and Figure 18 ). The decrease in air flow resistance shown for the two elastomeric fabrics indicates that both materials change their air flow properties as a function of applied air pressure load. These materials can be thought of as adaptive structures that change configuration when required, and return to their original properties when the applied stress is no longer present.
The electrospun nanofiber nonwoven fabric shown in
CONCLUSIONS
The air flow resistance of four standard parachute fabrics was minimally affected by humidity, and strain. Measured air flow resistance was most affected by nonstandard air flow rates and pressures.
Elastomeric fabrics can act as an adaptive structure to relieve excess pressure during parachute opening shock (parachute deployment/inflation phase). Elastomeric fabrics deform in response to applied loads, and allow more air flow to take place through increased pore area.
Elastomeric fabrics recover original shape and air flow properties once excess pressure/stress decreases (parachute descent phase) Future work in this area will address impulse and shock loading of fabric structures. The effect of high loading rates and shock loading will be different than the quasi-steady-state conditions used for the humidity, strain, and flow rate conditions covered in this paper.
